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(54) Title of Invention] 

Li Secondary Battery and Positive Electrode Therefor 

(57) Abstract] 

[Purpose] To provide a Li secondary battery in which negative electrode 
activity is maintained for a long time and in which charge-discharge cycle and 
charge-discharge capacity are also maintained for a long time. 

[Constitution] A Li secondary battery, wherein a positive electrode (3) to 
which a compound containing the element forming a solid electrolyte has been 
added is situated on one side of a separator (4) for retaining an electrolyte to 
which a compound containing the element forming a Li ion permeable solid 
electrolyte compounded with lithium is added, and wherein a negative electrode 
(5) with a solid electrolyte film on the surface is situated on the other side of the 
separator. 

[Effect] A reliable Li secondary battery is obtained in which the 
components forming the solid electrolyte are maintained in sufficient amounts by 
the positive electrode, the electrolyte is replenished with the components over 
the course of a long time, and the solid electrolyte film on the surface of the * 
negative electrode is regenerated over the course of a long time. 

[Claims] 

[Claim 1] A Li secondary battery, wherein a positive electrode to which a 
compound containing the element forming a solid electrolyte has been added is 
situated on one side of a separator for retaining an electrolyte to which a 
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compound containing the element forming a Li ion permeable solid electrolyte 
compounded with lithium is added, and wherein a negative electrode with a solid 
electrolyte film on the surface is situated on the other side of the separator. 

[Claim 2] A positive electrode used to form a Li secondary battery having 
a positive electrode layer to which a compound containing the element forming 
the Li ion permeable solid electrolyte compounded with lithium is added. 

[Claim 3] The positive electrode in claim 2, wherein the positive electrode 
layer containing the positive electrode active material is attached to a collector. 

[Detailed Description of the Invention] 
[0001] 

[Industrial Field of Application] The present invention relates to a Li 
secondary battery in which the negative electrode activity is maintained for a 
long time and which has a superior charge-discharge life cycle and charge- 
discharge capacity. 

[0002] 

[Prior Art] Conventional Li secondary batteries have a positive electrode 
situated on one side of the separator retaining the electrolyte consisting of 
LiAsF 5 dimethoxyethane and a negative electrode with an Li ion permeable solid 
electrolyte film such as LiF disposed on the surface of a lithium or lithium metal 
tape situated on the other side of the separator. 
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[0003] The purpose of the solid electrolyte film on the negative electrode is to 
extend the life cycle of a high discharge capacity Li secondary battery by 
bringing the electrolyte in contact with the metal tape and accumulating reaction 
products on the surface of the negative electrode during the charging and 
discharging process so as to prevent a gradual decrease in the charging and 
discharging capacity due to a decrease in negative electrode activity from 
repeated charging and discharging. Unfortunately, the effect on the negative 
electrode with a solid electrolyte film does not last and the life cycle of the Li 
secondary battery declines. The short life cycle of the battery is most 
conspicuous in the case of lithium and lithium-rich alloys used to boost the 
power and charge-discharge capacity. 

[0004] 

[Problem Solved by the Invention] The present inventors conducted 
extensive research in order to overcome this problem. In the process, they 
discovered the cause of the problem. The electrocrystallization of the Li during 
the discharging process swells the surface of the negative electrode and 
increases the pressure between the solid electrolyte film and the separator. 
The stress causes the solid electrolyte film to become brittle and crack. This 
exposes the metal tape. When the metal tape comes into contact with the 
electrolyte, reaction products are formed that reduce the negative electrode 
activity. As a result, the film does not continue to prevent a decrease in negative 
electrode activity. 
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[0005] The present inventors tried to regenerate the solid electrolyte film on the 
negative electrode by adding a compound containing an element that formed the 
Li ion permeable solid electrolyte film when compounded with Li in the 
electrolyte. However, the compound was consumed more quickly than expected. 
The solvency of the compound in the electrolyte was also low. As a result, the 
life cycle of the battery could not be adequately extended. 

[0006] Therefore, the purpose of the present invention is to provide a Li 
secondary battery in which the negative electrode activity is maintained for a 
long time, and in which the charge-discharge cycle and charge-discharge 
capacity are also maintained for a long time. 

[0007] 

[Means of Solving the Problem] The present invention is a Li secondary 
battery, wherein a positive electrode to which a compound containing the 
element forming a solid electrolyte has been added is situated on one side of a 
separator for retaining an electrolyte to which a compound containing the 
element forming a Li ion permeable solid electrolyte compounded with lithium is 
added, and wherein a negative electrode with a solid electrolyte film on the 
surface is situated on the other side of the separator. 
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[0008] 

[Operation] By adding a compound containing an element that forms an 
Li ion permeable solid electrolyte film when compounded with Li to the positive 
electrode, a sufficient amount of the compound can be maintained inside the 
battery. Because of the equilibrium of the solvency, the compound in the 
electrolyte is gradually replenished, the solid electrolyte film on the surface of 
the negative electrode is regenerated over an extended period of time, the 
negative electrode activity is maintained for a longer period of time, and a Li 
secondary battery can be obtained with a longer lasting charge-discharge life 
cycle and charge-discharge capacity. 

[0009] 

[Working Examples] The present invention is a Li secondary battery, 
wherein a positive electrode to which a compound containing the element 
forming the solid electrolyte has been added is situated on one side of a 
separator for retaining the electrolyte to which a compound containing the 
element forming the Li ion permeable solid electrolyte compounded with lithium 
is added, and wherein a negative electrode with a solid electrolyte film on the 
surface is situated on the other side of the separator. An example is shown in 
FIG 1. 
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[0010] The battery in FIG 1 is a coin-shaped battery. In the figure, 1 and 7 
denote the battery cases, 2 and 6 denote collectors consisting of a Ni plate, 3 
denotes the positive electrode layer, 4 denotes the separator used to retain the 
electrolyte, 5 denotes the negative electrode layer, 51 denotes the solid 
electrolyte film, and 8 denotes the insulating and sealing material. A laminate 
consisting of a sheet-like separator interposed between a sheet-like positive 
electrode and negative electrode is wound to form a coin-shaped Li secondary 
battery. 

[001 1] The compound containing the element forming the Li ion permeable solid 
electrolyte compounded with lithium is added to the electrolyte and the positive 
electrode in order to form a solid electrolyte film on the negative electrode. 
NaH 2 P0 4 is an appropriate compound when the solid electrolyte film is Li 3 P0 4> 
KF is an appropriate compound when the solid electrolyte film is LiF, Ti 2 (C 2 H 4 )3 
and NaH 2 P0 4 are appropriate compounds when the solid electrolyte film is 
LiTi 2 (P0 4 ) 3 , MnCI 2 is an appropriate compound when the solid electrolyte film is 
Li 2 MnCI 4 , S and Na 2 S are appropriate compounds when the solid electrolyte film 
is Li 2 S, NaCI is an appropriate compound when the solid electrolyte film is LiCI, 
and CaC0 3 is an appropriate compound when the solid electrolyte film is Li 2 C0 3 . 
The compounds added to the electrolyte can be liquids such as H 3 P0 4 , HF, HCI 
and H 2 C0 3 . 



7 



[0012] Therefore, these compounds are salts containing one or more elements 
used to form the solid electrolyte film on the surface of the negative electrode. 
One or more of these salts can be combined with the elements compounding 
with lithium to form the solid electrolyte film. The compound or compounds 
added to the positive electrode are gradually eluted into the electrolyte based on 
the solvency equilibrium caused by the consumption of the compound in the 
electrolyte. This replenishment causes the element to compound with Li ions on 
the surface of the negative electrode and regenerate the solid electrolyte film on 
the surface of the negative electrode. 

[0013] The amount of compound added to the positive electrode depends on 
the life span of the materials constituting the battery. Preferably 0.05 ~ 5 wt% 
and ideally 0.1-2 wt% should be added so that the solubility of the compound 
in the electrolyte is preferably 1/1 0 5 ~ 1/10 2 moles per liter and ideally 1/1 0 s to 
1/10 3 moles per liter. 

[0014] The Li secondary battery in the present invention has a positive 
electrode situated on one side of the separator retaining the electrolyte and a 
negative electrode with a solid electrolyte film on the surface situated on the 
other side of the separator. As mentioned above, the positive electrode 
material and the electrolyte contain a compound containing the element forming 
the Li ion permeable solid electrolyte compounded with lithium. There are no 
other restrictions on the composition of the battery. 
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[0015] With the exception of these items, the Li secondary battery can be 
formed based on the specifications of the prior art. This depends on the type of 
battery and the purpose of the battery. For example, the battery can be a coin- 
shaped battery, a button-shaped battery or a wound battery. The shape of the 
positive electrode and the negative electrode depends on the type of battery. In 
FIG 1, a positive electrode layer 3 and a negative electrode layer 5 are formed 
on top of collectors 2, 6. However, the positive electrode does not require a 
collector. 

[0016] The positive electrode can be carbon-based or metal-based and contain 
an organic conducting material such as a conjugated polymer if desired. Here, 
the compound containing the element forming the Li ion permeable solid 
electrolyte compounded with lithium can be added by forming a layer on the 
positive electrode or the collector. In this case, the positive electrode active 
material is applied to the collector using a binder to form a positive electrode 
layer. 

[0017] Metal-based positive electrode active materials include complex metal 
oxides, sulfates, and selenides containing Li and Ti, Mo, Cu, Nb, V, Mn, Cr, Ni, 
Fe, Co or P. V 2 0 2 can also be used. Specific examples include LiMn0 2 , 
LiMn 2 0 4 , LiMn 2 . x M x 0 4 , LiNi0 2 , LiNiM0 2 , LiCo0 2 , LiCr0 2 , LiFe0 2 , LiV0 2 , Li w Coi. x . 
y M x P y 0 2+z (where M is one or more transition metals, 0<w<2, 0<x<1,0<y< 
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1 , and 1 < z < 4), phosphoric acid salts of Li or Li • Co and/or Co or Li • Co 
oxides containing 0.1 mol or more Co and 0.2 mol or more P per mole of Li. 

[0018] The negative electrode can be a tape or collector with a negative 
electrode layer containing lithium or a lithium alloy. Examples of lithium alloys 
include alloys with Li and two or three of the following metals: Al, Pb, Sn, In, Bi, 
Ag, Ba, Ca, Hg, Pd, Pt, Sr and Te. If necessary, Si, Cd, Zn or La can be added. 

[0019] Specific examples of lithium alloys include intermetallic alloys with Li and 
Al, Bi, Sn or In. La can be added to Li and Pb alloys to give them more 
mechanical strength. Another example is an Li-X-Te alloy in which X is at least 
one of the following: Ag, Al, Mg, Zn or Ca. The amount of components other 
than lithium contained in the alloy should be 40% or less, preferably 5 ~ 30% 
and ideally 10 ~ 20% in terms of atomic ratio. 

[0020] An ideal lithium alloy in terms of the charge-discharge life cycle, power 
performance, high discharge capacity and high energy density is Li-Ag-Te, 
where the Li:Ag:Te atomic ratio is 80- 150:1 ~ 20:0.001 ~ 30. Here, Li should 
be 80% or more of the total in terms of atomic ratio. 

[0021] The positive electrode and the negative electrode are formed by 
combining the active material if necessary with a conducting agent such as 
acetylene black or ketjen black and a binding agent such as 
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polytetrafluoroethylene, polyethylene, vinylidene fluoride or an ethylene • 
propylene • diene copolymer. The electrodes can be formed with this mixture 
using the casting method, the compression method, the rolling method, the 
doctoring blade method, the flattening method, the heat extrusion method, the 
vapor deposition method or the melt plating method. 

[0022] In order to provide a high-performance, high-capacity Li secondary 
battery, a large amount of positive electrode material should be used and the 
surface area of the positive electrode and negative electrode should be large. 
The capacity of the battery can be maintained while thinning out the negative 
electrode to reduce the area. The amount of negative electrode material used 
can also be reduced. A lithium rich alloy should be used in this case. 

[0023] The positive electrode and negative electrode can be formed by applying 
a positive electrode layer and negative electrode layer to collectors. The 
positive electrode layer and negative electrode layer can be formed by applying 
the active material to a base such as a collector tape. The collector can be a 
conductive metal support material made of copper, aluminum or silver. The 
thickness of the collectors depends on the purpose of the battery. It should be 
less than 100 urn, preferably 5-50 and ideally 10-30 urn. The thickness 
of the positive electrode layer and the negative electrode layer should be less 
than 500 |im, preferably less than 300 |am and ideally 5 - 200 |im. However, it 
can be as thick as 1 mm. 
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[0024] If the melt plating method is used to expand the surface area of the 
electrodes and reduce the thickness of the negative electrode, a dispersing 
barrier layer and flow promoting layer can be formed if necessary on the 
conductive support material when the negative electrode layer is formed on the 
collector. The dispersing barrier layer keeps the conductive support material 
from being impregnated with the melt plating components. This can be made of 
a material that does not react with the nickel, cobalt and iron plating 
components. 

[0025] If necessary, a flow promoting layer can be formed on top of the 
dispersing barrier layer. This layer promotes the flow of the melt plating material 
so there is no unevenness on the surface of the electrode. It forms a flat and 
even coating layer and forms a good active material layer. The flow promoting 
layer should be made of a material that is conductive and has a chemical affinity 
for the components in the melt plating material. Examples include silver, copper, 
zinc, magnesium, aluminum, calcium, barium, bismuth, indium, lead, platinum, 
palladium and tin. 

[0026] The dispersing barrier layer and flow promoting layer can be formed 
using electroplating, non-electrolytic plating, and physical or chemical vapor 
deposition. The thickness of the dispersing layer and flow promoting layer 
generally ranges between 0.01 and 5 |im. The formation of the melt plating layer 
is conducted by immersing the collector tape in a melt plating bath in an 
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atmosphere consisting of a non-reacting gas such as argon gas or helium gas. 
After forming the coating layer, the coating layer can be rapidly cooled. In the 
case of the negative electrode, the thickness of the melt plating layer should 
range between 5 ~ 50 n.m and ideally between 10-25 |im. 

[0027] The solid electrolyte film with lithium ion permeability is formed on the 
surface of the negative electrode to prevent contact between the negative 
electrode and the electrolyte. The compound containing the element forming the 
Li ion permeable solid electrolyte compounded with lithium is dissolved and the 
negative electrode is immersed in a bath containing the dissolved compound. 
A vapor phase reaction can also be used to form the solid electrolyte film on the 
surface of the negative electrode while exposed to a carboxylic acid gas, diluted 
HF gas, diluted HCI gas or diluted H 2 S gas. Vapor deposition can be performed 
at low temperature to form the solid electrolyte film using the sputtering method, 
pulse plasma method or ionized cluster beam deposition. 

[0028] FIG 2 shows a negative electrode 5 with a solid electrolyte film 51 formed 
on a portion of the surface. The solid electrolyte film is form at least on the 
portion of the negative electrode that comes into contact with the electrolyte. 
Therefore, the solid electrolyte film can be formed on some or all of the surface. 
There are no restrictions on the thickness of the solid electrolyte film formed on 
the surface of the negative electrode. It should be less than 1 [xvr\ thick, 
preferably less than 0.5 jim thick, and ideally between 0.01 and 0.1 \im thick. 
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[0029] A separator is interposed between the positive electrode and the 
negative electrode to retain the electrolyte and facilitate the battery reaction 
between the positive electrode and the negative electrode. The separator 
essentially has to be able to retain the electrolyte. Generally, a porous 
insulating film is used made of a porous polymer film such as polypropylene and 
polyethylene or a porous non-woven fabric. The electrolyte is retained by 
impregnating the porous insulating film with the electrolyte and then filling the 
battery case with the electrolyte. 

[0030] In the present invention, a cation exchange film can be interposed 
between the separator and the solid electrolyte film. The cation exchange film 
keeps the electrolyte retained by the separator from coming into contact with the 
negative electrode. The film can be integrated with the separator. The cation 
exchange film has to be Li ion permeable. Ideally, the cation exchange film 
should give priority to Li ions over other cations. In other words, it should be 
selectively permeable to Li ions. Examples include styrene-divinyl benzene 
copolymers, styrene-butadiene copolymers and styrene-divinyl benzene- 
polyvinyl chloride copolymers. 

[0031] The thickness of the separator and, if needed, the cation exchange film 
depends on the type of battery. However, it should be less than 500 urn, 
preferably between 1 and 300 urn, and ideally between 5 and 100 urn. 



14 



[0032] The electrolyte retained by the separator should be able to contain Li 
ions. A good example is a non-aqueous electrolyte obtained by dissolving a 
lithium salt in an organic solvent such as an ester or ether. 

[0033] Examples of organic solvents include propylene carbonate, ethylene 
carbonate, dimethyl carbonate, diethyl carbonate, tetrahydrofuran, 2-methyl 
tetrahydrofuran, dimethoxyethane, dimethyl sulfoxide, sulfolane, y-butyrolactone, 
1,2-dimethoxyethane, diethylether, 1,3-dioxolane, methyl oxalate, methyl 
acetate, N,N-dimethyl formamide, acetonitrile and mixtures of these solvents. 

[0034] The actual organic solvent used depends on the solvency of the 
compound containing the element forming the Li ion permeable solid electrolyte 
compounded with lithium and the solid electrolyte film on the surface of the 
negative electrode. For example, diethyl carbonate is used when the solid 
electrolyte is LiF or Li 2 C0 3 and propylene carbonate is used when the solid 
electrolyte is Li 3 P0 4 , Li 2 S and LiCI. 

[0035] Examples of lithium salts include Lil, LiCF 3 S0 3 , Li(CF 2 S0 2 ) 2 , LiBF 4 , 
LiCI0 4 , LiAICU, Li 2 GeF 5 , LiPF 5l LiSCN and LiAsF 5 . The concentration of lithium 
salts in the electrolyte is usually 0.1 to 3 moles per liter, but there are no 
restrictions on the concentration. 
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[0036] When the electrolyte is formed, organic additives should be included to 
improve battery characteristics such as life cycle, discharge capacity and overall 
power. These include 2-methyl furan, thiofuran, pyrrole, crown ether, and Li 
complex ion forming agents (such as large cyclic compounds). 

[0037] orking Example 1 

A 2 nm-thick Ni electroplated layer was formed on Cu tape with a width of 
41 mm and a thickness of 10 urn. A 0.1 ^im-thick Ag electroplated layer was 
then added to complete the collector tape. The collector tape was then passed 
through a lithium melt plating bath at a rate of 2 meters per minute in a pure 
argon atmosphere. The thickness of the coating on both sides was then 
adjusted to 25 [im by a wringing tool, and the tape was sectioned into 420 mm- 
long pieces to form negative electrode tape. 

[0038] Positive electrode paste was applied to both sides of an Al tape with a 
width of 39 mm and a thickness of 25 urn using a doctoring blade to create 150 
nm-thick layers. The positive electrode layers were then compressed to 100 jam 
using a compressor. The tape was sectioned into 400 mm-long pieces, and 20 
mm of the positive electrode layer on one side of each piece was peeled off to 
apply the lead wires and complete the positive electrode tape. 
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[0039] The positive electrode paste was prepared by mixing lithium carbonate, 
basic cobalt carbonate and 85% phosphoric acid at an atomic ratio of Li:Co:P = 
2:1 .5:0.5 and heating the mixture in an alumina crucible for 24 hours at 900°C. 
A lithium phosphate, lithium cobalt phosphate and cobalt oxide mixture (active 
material) was formed and pulverized to a grain diameter under 20 urn. Then, 46 
ppw of the powder was mixed with 4 ppw acetylene black, 2 ppw vinylidene 
polyfluoride, 0.5 ppw hydrogen sodium phosphate, and 50 ppw N-methyl 
pyrrolidone. 

[0040] Next, a 25 |am-thick separator consisting of a porous polypropylene film 
was interposed between the positive electrode tape and the negative electrode 
tape, and the laminate was wound, housed in a battery case, and filled with 3 ml 
of electrolyte to create a AA secondary battery. The wound portion comprised 
90% of the battery in cross-section. The electrolyte was one mole of LiCI0 4 
dissolved in a one liter of a solvent mixture consisting of propylene carbonate 
and dimethoxyethane. After the battery was completed, the elution of hydrogen 
sodium phosphate from the positive electrode to the electrolyte was confirmed, 
and the formation of a Li 3 P0 4 film on the negative electrode was also confirmed. 
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[0041] Working Example 2 

A Li secondary battery was obtained in the same manner as the first 
working example except that calcium fluoride was used instead of hydrogen 
sodium phosphate. The film formed in the surface of the negative electrode was 
a LiF film. 

[0042] Working Example 3 

A Li secondary battery was obtained in the same manner as the first 
working example except that the melt plating layer for the negative electrode 
tape was a Li-Ag-Te alloy layer with an atomic ratio of Li:Ag:Te = 90:10:0.1 
instead of a lithium layer. 

[0043] Comparative Example 1 

A Li secondary battery was obtained in the same manner as the first 
working example except that the positive electrode tape did not contain 
hydrogen sodium phosphate and so the electrolyte also did not contain 
hydrogen sodium phosphate. 

[0044] Comparative Example 2 

A Li secondary battery was obtained in the same manner as the third 
working example except that the positive electrode tape did not contain 
hydrogen sodium phosphate and so the electrolyte also did not contain 
hydrogen sodium phosphate. 
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[0045] Evaluation Testing 

The discharge capacity retention rate for the Li second batteries in the 
working examples and the comparative examples was determined after 50 
charge and discharge cycles with a charge current and discharge current of 100 
mA at 4.3 volts (charging) and 2.75 V (discharging one hour after charging). 



[0046] The results are shown in the following table. 





Working Examples 


Comparative Examples 
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[Effect of the Invention] A reliable Li secondary battery is obtained in 
which a sufficient amount of solid electrolyte forming components is maintained 
by the positive electrode and replenishes the electrolyte for a long time, and in 
which the solid electrolyte film on the surface of the negative electrode is 
regenerated for a long time. As a result, the negative electrode provides 
superior power and energy density. A reliable Li battery with a superior charge- 
discharge life cycle and charge-discharge capacity is obtained whether lithium or 
a lithium alloy is used. 
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[Brief Explanation of the Drawings] 

[FIG 1] A cross-sectional view of the battery in a working example of the 
present invention. 

[FIG 2] A cross-sectional view of the negative electrode. 

[Keys to Drawings] 

1, 7 ... battery case 

2, 6 ... collector 

3 ... positive electrode layer 

4 ... separator 

5 ... negative electrode layer (51 ... solid electrolyte film) 

[FIG 1] 
[FIG 2] 
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